and H. paraphrophilus were determined by analysis of electrophoretically demonstrable allelic variation in 14 structural genes encoding metabolic enzymes. Among the 51 isolates analysed there were 25 electrophoretic types (ETs), among which mean genetic diversity per locus was 0.753. Cluster analysis of ETs demonstrated one welldefined group of 11 ETs representing solely the genotypes of all 17 isolates assigned to A. actinomycetemcomitans. The remaining 14 ETs represented the genotypes of the 34 isolates of H. aphrophilus and H. paraphrophilus. With the exception of ATCC 13252, all strains of H. aphrophilus were closely related, whereas strains assigned to H. paraphrophilus included distantly related lineages, some of which were similar to those of H. aphrophilus and should be assigned to this species. Thus, the study showed that there is no significant overall genetic similarity between A. actinomycetemcomitans and the two Haemophilus spp.
Introduction
Actinobacillus and Haernophilus species are currently attracting the attention of many clinical microbiologists and taxonomists. This particularly applies to A. actinomycetemcomitans, H. aphrophilus and H. paraphrophilus, partly because of the increasing frequency of their isolation from unusual clinical sites. A. actinomycetemcomitans and H . aphrophilus have also been isolated from healthy gingiva and from gingivitis and periodontitis (Kraut et al., 1972; Kilian & Schiartt, 1975; Tanner et al., 1979) . While there seems to be an association between the presence of A. actinomycetemcomitans in dental plaque and localized periodontitis in juveniles (Slots et al., 1980) , the causal role of H. aphrophilus in that disease is negligible (Tempro & Slots, 1986) . A. actinomycetemcomitans has also been recovered from extra-oral diseases such as bacterial endocarditis, pericarditis, post-extraction and brain abscesses, urinary tract infections and vertebral osteomyelitis (for a review, see Kaplan et al., 1989) . Similarly H . aphrophilus has been isolated from brain abscesses, meningitis, sinusitis, pneumonia, empyema, otitis media, wound and post-operative infec-~~ Abbreviation : ET, electrophoretic type.
tions, arthritis and osteomyelitis (King & Tatum, 1962; Sutter & Finegold, 1970; Ellner et al., 1979) . H. paraphrophilus, a member of the indigenous flora of the oral cavity and pharynx (Kilian & Schiertt, 1975) , may be responsible for subacute endocarditis, paronychia, brain abscess, osteomyelitis of the jaw, appendicitis (Kilian & Frederiksen, 1981) and arthritis (von Essen et al., 1987) . Occasionally, this organism has also been isolated from urine and the vagina (Kilian & Biberstein, 1984) . The oral cavity may represent a spearhead of the infectious spread of these bacteria, as suggested by the association of endocarditis caused by A. actinomycetemcornitans with rapidly destructive periodontitis (Anolik et al., 198 1) .
Biochemical tests suggest that A. actirwrnyceterncomitans and H . aphrophilus are very similar, and their taxonomic positions have been open to question (King & Tatum, 1962) . Kilian (1976) emphasized that these two species do not require haemin and NAD for growth, and therefore do not meet the criteria for inclusion in the genus Haernophilus. On the other hand, Potts et al. (1985) suggested, on the basis of DNA-DNA reassociation experiments and previous inclusions of X and V factor independent species in the genus Haemophilus, that A. actinomycetemcornitans should be reassigned to the genus Haemophilus as H. actinomyceterncomitans. This was D . A . Caugant, R . K . Selander and I. Olsen In recent years, multilocus enzyme electrophoresis has been employed to assess genetic diversity and population metabolic enzymes. Previous investigations have demonstrated that estimates of genetic relatedness based on multilocus enzyme electrophoresis are significantly correlated with measures of total genomic similarity as estimated by DNA-DNA hybridization (Ochman et al., 1983; Selander et al., 1985) .
In the present study, we analyse allelic variation in 14 genes, to assess the genetic diversity among strains assigned to the species A . actinomycetemcomitans, H . aphrophilus and H . paraphrophilus, and to determine the relationships between isolates of the three species. structure in a number of bacterial species Preparation of culture lysates. The isolates were cultured anaerobically (80% N2/10% H2/10% CO,), usually in brain heart infusion broth (Difco), at 35 "C for 2 or 3 d. For H. paraphrophilus, the broth was supplemented with filter-sterilized NAD (1 mg 1-l) and haemin (5 mg 1-l). H . paraphrophilus strains HK 321 and HK 296 grew poorly in this medium and were therefore grown on chocolate agar plates, harvested by scraping colonies off the plates, then washed and resuspended in phosphate-buffered saline, pH 7-2. The other strains were harvested by centrifugation of broth cultures (5860g at 4 "C for 20 min). The pellets were resuspended in 2 ml phosphate-buffered saline. Cells were lysed by sonication, using a Branson Cell Disruptor with microtip at 50 W for 60 s, with ice-cooling. After lysis and centrifugation at 25000g at 4 "C for 30 min, aliquots of supernatants were transferred to 1 ml freeze tubes (Nunc) and stored immediately at -70 "C until electrophoresis.
Electrophoresis of enzymes. Lysates were electrophoresed on starch gels and selectively stained for 14 metabolic enzymes . Buffer system A was used for electrophoresis of malate dehydrogenase (MDH; EC 1.1.1.37), 6-phosphogluconate dehydrogenase (6PG ; EC 1 . 1 . Electromorphs (mobility variants) of each enzyme, numbered in order of decreasing anodal mobility, were equated with alleles at the corresponding structural gene locus (see Table 2 ). An absence of enzyme activity was attributed to a null allele, designated as 0. Each isolate was characterized by its profile of alleles at the 14 enzyme loci assayed, and distinctive combinations of alleles, representing multilocus genotypes, were designated as electrophoretic types, ETs (Selander et a/., 1986).
Statistical analysis. Genetic diversity at an enzyme locus among ETs was calculated as h = (1 -xi2) (n/n -l), where x, is the frequency of the ith allele and n is the number of ETs. Mean genetic diversity per locus (H) is the arithmetic average of h values over all loci. Genetic distance between pairs of ETs (D) was expressed as the proportion of enzyme loci at which dissimilar alleles occurred. Null alleles were excluded from the measure of genetic distance. Clustering of ETs was perf6rmed from the matrix of genetic distances by the average-linkage method (Sneath & Sokal, 1973) .
Results

Overall genetic diversity
The ET of each strain is given in Table 1 , and the allele profiles at 14 enzyme loci for a representative strain from each ET are shown in Table 2 .
In the collection of 5 1 isolates examined, all 14 enzyme loci assayed were polymorphic for 4 (ASP) to 11 (PGM) alleles; the mean was 6.3 alleles per locus (Table 3) . No ASP activity was demonstrated in the strains of A . actinomycetemcornitans, whereas all but two of the Haemophilus strains had ASP activity. The remaining 13 enzymes were expressed in at least 90% of the isolates. There were 25 ETs represented in the collection of isolates (Table 2) , among which the mean genetic diversity per locus was 0.753 and the interlocus variance, s2, was 0.006 (Table 3) . A pairwise comparison of the electromorph profiles of the 25 ETs revealed that 60% of the ET pairs differed at 11 or more of the enzyme loci assayed (mean, 10-12 loci ; s2 = 18-45), indicating that at least two very distinct groups of genotypes were represented among the 25 ETs (Fig. 1) .
Genetic diversity within species
Eleven ETs were identified among the 17 isolates of A. actinomycetemcomitans examined ( Table 4) . The four isolates (G 1 through G4) recovered from a single patient with periodontitis in Norway were identical (ET 9), as were the two isolates from a single individual with periodontitis in the USA, FDC 2043 and FDC 2097 (ET 7). Strain NCTC 9709, isolated from a patient with lumbar abscess in Denmark, was also ET 7. Five ETs were identified among the 22 isolates of H. aphrophilus ( Table 4) . The 15 isolates recovered from the saliva of a single individual in Norway were identical (ET 20), and belonged to the same ET as strains FDC 621 and FDC 626, recovered from two cases of periodontitis in the USA (Table 1) . Isolates FDC 654 and FDC 655, obtained from a single individual with periodontitis, were also genetically identical (ET 19).
The 12 isolates assigned to H . paraphrophilus were of 10 ETs, among which mean genetic diversity per locus was 0.686, that is 91 % of the genetic diversity among the 25 ETs of the whole strain collection (Table 4) . Whereas ETs of A . actinomycetemcomitans and H . aphrophilus differed at an average of 4.7 and 4-5 loci, respectively, the ETs of isolates assigned to H. paraphrophilus differed at an average of 8.6 loci, with 46% of the ET pairs having dissimilar alleles at 1 1 or more enzyme loci.
Relationships among ETs
The relationships among the 25 ETs are summarized by the dendrogram in Fig. 2 . Genotypes differing solely in the occurrence of null alleles are represented by a single branch in the dendrogram, as null alleles were not included in the measure of genetic distance, D, between ETs. The smallest value of D, 0-07, corresponds to a single-locus difference between ETs. D . A . Caugant, R. K . Selander and I. Olsen t The within-species component of genetic variance estimates the probability of a mismatch of alleles at an enzyme locus for two ETs chosen randomly from the same species; the total variance is the ATCC 19415 of-H . aphrophilus, ET 17 was also represented by two isolates of H. paraphrophilus: H76 and IIIRA43. ET 21 (HK 159) joined cluster C at D = 0.54 and clusters B and C joined at D = 0.57. The ET of the remaining isolate of H. aphrophilus, ATCC 13252, clustered with B and C at D = 0.65. The remaining three comparable estimate for two ETs drawn from the pooled groups. F, is the ratio of the probability of a mismatch for two ETs selected randomly from different species to the average probability in the pooled sample; it is thus a measure of the relative magnitudeof genetic differentiation at an enzyme locus among groups. group the similarity from multilocus enzyme electrophoresis was null. Considering only the 20 within-species pairwise comparisons, the correlation was less, but still D . A . Caugant, R . K . Selander and I. Olsen significant (r = 0.71, P < 0.001). The estimates of genetic digance based on the sample of 14 enzyme loci assayed shsiiId,$therefore be representative of the overall genomic refationships between strains.
The electrofhoretic analysis of allelic variation at 14 enzyme loci confirmed previous lines of evidence derived from electrophoresis of total proteins (Jellum et al., 1984; Olsen et al., 1987) and DNA-DNA reassociation experiments (Pohl, 1981 ; Tanner et al., 1982; Coykendall et al., 1983; Potts & Berry, 1983) that there is no large total genetic similarity between strains of A . actinomycetemcomitans and H . aphrophilus. Although the number of strains of each species analysed was relatively small, isolates were obtained from various geographical areas.. Thus, it is likely that the genetii: diversity among ETs observed is representative of that in these species. It should be noted that the computation of the genetic diversity is based on the ETs and therefore is not affected by the inclusion of multiple isolates from the same host.
The diversity among genotypes of A . actinomycetemcomitans and H . aphrophilus was similar to that reported for other bacterial species . In contrast, the 10 ETs of the 12 isolates of H . paraphrophilus we studied were more diverse than the 331 ETs of 688 isolates of Neisseria meningitidis, which is the most variable bacterial species analysed by multilocus enzyme electrophoresis thus far . This suggests that the isolates assigned to H . paraphrophilus in fact belong to several species.
Of the three most distinctive isolates in this study, HK 296 and HK 321 have been tentatively assigned to H . paraphrophilus (Kilian, 1976) , although they differed from other strains of this species in several biochemical and physiological properties. This was also indicated by our inability to grow these isolates in broth cultures. Electrophoretic mobilities are not influenced by growth conditions Selander et al., 1986) ; thus the differences observed between HK 296 and HK 321 and other H . paraphrophilus strains are not likely to be artefacts but reflect genetic dissimilarity. ATCC 29242 has been reported atypical of H . paraphrophilus in its protein pattern in two-dimensional electrophoresis (Olsen et al., 1987) , biochemical characteristics, G + C content, and homology to other strains of the species as measured by DNA-DNA reassociation (Tanner et al., 1982) . Multilocus enzyme electrophoresis clearly confirmed that ATCC 29242 is not a member of the species H . paraph rop h ilus .
When these three atypical isolates (HK 296, HK 321 and ATCC 29242) were excluded from data evaluation, strains of H . aphrophilus and H . paraphrophilus formed a genetically homogeneous group of 11 ETs among which genetic diversity per locus was 0.526. There were then no significant differences in allele frequencies between the two species for 8 of the 14 enzymes assayed, and the magnitude of genetic differentiation between ETs of isolates of H . aphrophilus and those of H . paraphrophilus was only 0-042, as measured by Fa (see Table 3 ). This similarity supports evidence from DNA-DNA hybridization experiments (Tanner et al., 1982; Potts et al., 1986) and two-dimensional electrophoresis of total proteins (Olsen et al., 1987) . However, there are differences between H . aphrophilus and H . paraphrophilus in NAD dependence, biochemical reactions (Kilian & Biberstein, 1984) and cellular sugars (Brondz et al.,  1990) .
The recovery of ET 7 of A . actinomycetemcomitans in Denmark and the USA, and the occurrence of the same ETs of H . aphrophilus in the UK and Norway (ET 17) and in Norway and the USA (ET 20), suggests that populations of A . actinomyceterncomitans and H . aphrophilus are clonal in structure. Like most bacterial species so far analysed by multilocus enzyme electrophoresis , clones of H . aphrophilus are temporally stable, as demonstrated by the representation of ET 17 by ATCC 19415 isolated in 1938 in the UK, and by IIIRA43 isolated in 1986 in Norway.
The closely related clones of A . actinomycetemcomitans, ET 1 to ET 4, were represented by isolates recovered from blood, pus, dental plaques and periodontal pockets, and ET 7 was recovered from patients with periodontitis and lumbar abscess. Similarly, ET 17 of H . aphrophilus was represented by an isolate from the oral cavity and another from blood. It is thus likely that these organisms had a common source, probably dental plaque, to the indigenous flora of which A . actinomycetemcomitans and H . aphrophilus belong. Dissemination of oral bacteria to the bloodstream is not a rare event and both accumulation of dental plaque and periodontal inflammation increase the frequency of bacteraemic conditions.
